srfA is an operon required for the synthesis of surfactin and the development of genetic competence in Bacillus subtilis. We observed that the expression of srfA is downregulated upon treatment with H 2 O 2 . Thus, we examined the involvement of several oxidative stress-responsive transcription factors in srfA expression. Our DNA microarray analysis revealed that the H 2 O 2 stress-responsive regulator PerR is required for srfA expression. This was confirmed by lacZ fusion analysis. A ComX feeding assay and epistatic analyses revealed that the role of PerR in srfA expression is independent of other known regulators of srfA expression, namely, comQXP, rapC, and spx. Gel mobility shift and footprint assays revealed that PerR binds directly to two tandemly arranged noncanonical PerR boxes located in the upstream promoter region of srfA. A transcriptional srfA-lacZ fusion lacking both PerR boxes showed diminished and PerR-independent expression, indicating that the PerR boxes we identified function as positive cis elements for srfA transcription.
The Bacillus subtilis srfA operon encodes the biosynthetic genes for surfactin, a biosurfactant that has been reported to be important for the swarming motility and fruiting body formation of natural isolates of B. subtilis (3, 7, (18) (19) (20) . In addition, the srfA operon is involved in the development of genetic competence, since the srfA operon encodes another gene, comS, that is required for comK activation (9) . The comK gene encodes the competence transcription factor required for the expression of late competence operons, including comE (42) . srfA expression is dependent on two extracellular controlling systems, namely, ComQXP and RapC-CSF (competence and sporulation factor) (9, 22, 38) . When the ComX pheromone is secreted into the medium, the increase in its concentration is sensed by the ComP receptor, which activates the cognate response regulator ComA by phosphorylation (22, 36) , resulting in ComA-P. RapC inhibits the DNA binding of ComA-P, while the extracellular CSF peptide inhibits RapC after the CSF peptide is incorporated into the cytoplasm (6, 38) . Thus, RapC and CSF constitute a positive regulatory device for ComA-P, which leads to the binding of ComA-P to the srfA promoter. Another regulatory molecule that affects ComA-Pmediated srfA transcription is Spx, which inhibits the interaction between ComA-P and RNA polymerase; when the ClpXP protease degrades Spx, activation of the ComA regulon results (29) (30) . In addition, the expression of the spx gene is induced by diamide stress (30) .
B. subtilis has three Fur (ferric uptake regulator) homologues, one of which is PerR, a repressor of several members of the peroxide stress regulon, such as ahpCF, katA, zosA, and mrgA (24) . The PerR protein has two divalent ion-binding sites, one for the zinc cation and the other for various regulatory cations. For example, Mn(II)-, Ni(II)-, or Fe(II)-bound PerR is active as a repressor (17) . It has been shown that H 2 O 2 inactivates the DNA-binding activity of PerR (17, 24) .
srfA expression has been reported to decrease upon H 2 O 2 treatment (see supplementary data in reference 25). We also observed a similar phenomenon. These hint at another mechanism that regulates the srfA operon, namely, one that is linked to the oxidative stress response. To characterize this mechanism, we tested the effect of disrupting transcription factor genes that regulate the expression of oxidative stress-responsive genes on the expression of srfA and other genes by using DNA microarray analysis. This analysis revealed that the disruption of perR blocks srfA expression. When we analyzed the mechanism by which PerR regulates srfA, we found that PerR binds directly to the srfA promoter region. Furthermore, srfA promoter deletion analysis using lacZ fusions confirmed that two tandemly oriented PerR-binding sites function as positive cis elements for srfA transcription.
MATERIALS AND METHODS
Bacterial strains and culture media. All the B. subtilis strains used in this study are listed in Table 1 . B. subtilis and Escherichia coli cells were grown in modified competence (MC) (21) medium and Luria-Bertani (LB) medium, respectively. The concentrations of antibiotics used have been described previously (33) .
Materials. Synthetic oligonucleotides were commercially prepared by Tsukuba Oligo Service (Ibaraki, Japan) and are shown in Table 2 .
Construction of plasmids and strains. A chloramphenicol-resistant perR disruptant was constructed by a PCR-based method without cloning of DNA into E. coli as described previously (31) . For this, six primers were used, namely, perR-F1, perR-R1, perR-F2, perR-R2, pUC-1, and pUC-2. All the plasmids used in this study are listed in Table 3 . To construct pHis-perR, a PCR product generated by using the oligonucleotide primer pairs perR-HisB and perR-HisH was treated with BamHI and HindIII and cloned into pQE8 (QIAGEN, Hilden, Germany) treated with the same restriction enzymes. This added the histidine tag to the N terminus of PerR. To construct pMutin-rapC, a PCR product amplified by using rapC-F and rapC-R was treated with HindIII and BglII and cloned between the HindIII and BamHI sites of pMutinIII (41) . pMutin-rapC was transformed into B. subtilis 168, and the lacZ gene in the resultant strain was inactivated by transformation of placZ::Tc. To construct pIS-srfA1, pIS-srfA2, and pIS-srfA3, PCR products amplified by using srfA-B1 and srfA-H1, srfA-B2 and srfA-H1, and srfA-B3 and srfA-H1, respectively, were treated with BamHI and HindIII and cloned into pIS284 treated with the same enzymes. After linearization with PstI, each plasmid was transformed into B. subtilis 168, after which the chloramphenicol resistance markers of the resultant strains were replaced with tetracycline markers by transformation with plasmid ECE75. Sequencing of the cloned PCR fragments was performed with a 377 DNA sequencer (Perkin-Elmer) and a Dye Terminator cycle sequencing kit (Applied Biosystems).
␤-Galactosidase assays. For ␤-galactosidase assays, samples were withdrawn at hourly intervals and the ␤-galactosidase activities were measured as described previously (33) . Conditioned medium was prepared by removing the cells by centrifugation and filter sterilizing the supernatant. Cells were grown in MC medium to early log phase and divided into two equal volumes. To each half, either conditioned or fresh medium was added, and cultivation was continued, after which samples were withdrawn. In all assays using strains carrying the perR disruption, the strains were used immediately after construction to avoid the accumulation of suppressors.
Production and purification of His-tagged PerR. The protein was produced in E. coli and purified as described previously (35) . His-tagged PerR was produced as a soluble protein in E. coli, and thus, purification was performed by stepwise elution with imidazole from a Ni-affinity column. After sodium dodecyl sulfatepolyacrylamide gel electrophoresis analysis of the fractions, the purified protein was dialyzed against TEDG buffer (26) .
DNA microarray analysis. For DNA microarray analysis, both the control strain 168 and its chloramphenicol-resistant derivative bearing the perR disruption were grown in LB liquid medium and harvested at an optical density of 0.4. The procedures used to isolate RNA and perform DNA microarray analysis have been described previously (34, 45) .
Gel mobility shift and DNase I footprint assays. For the gel shift assay, we employed a procedure using biotinylated DNA probes as described previously (35) . The footprint assay was performed as follows. Probe DNAs were prepared by PCR using srfA-4 and srfA-2 or srfA-4a and srfA-2a as primers. The 60-l reaction mixtures contained 100 ng DNA, 1 mg bovine serum albumin, 20 mM HEPES, pH 7.6, 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4 , 1 mM dithiothreitol, 0.2% Tween 20 (wt/vol), 30 mM KCl, an appropriate amount of the protein solution in TEDG buffer, and 4 units of DNase I (Roche, Indianapolis). The reaction mixture was left at room temperature for 5 min and then subjected to phenol extraction and subsequent ethanol precipitation after the addition of stop solution (0.1% SDS, 20 mM EDTA, 200 mM NaCl, 40 g/ml tRNA). After the addition of a loading dye, the samples were applied onto a 6% polyacrylamide gel. After electrophoresis, the DNA was transferred to a positively charged nylon membrane. Biotinylated DNA was detected as described previously (35) . A sequence ladder was generated by using a cycle sequencing kit (Toyobo Co.) employing the biotinylated srfA-2a or srfA-4 primer.
RESULTS
Expression of srfA is susceptible to H 2 O 2 stress. We observed that srfA expression was downregulated upon H 2 O 2 treatment in a dose-dependent manner (Fig. 1A) . It has been known that E. coli ␤-galactosidase is unstable under stress conditions, including heat shock (1); hence, it was possible that this decrease might not be due to an actual change in srfA expression. To rule out this, we chose skfB encoding a protein involved in the cell killing factor production and examined its expression in the same condition (43) . The expression of the skfB-lacZ fusion was not influenced by the addition of H 2 O 2 ( Fig. 1B) , supporting the observation with respect to srfA expression.
DNA microarray analysis of the effect of disrupting perR. The observation that the expression of srfA is susceptible to H 2 O 2 stress suggested that PerR, which is a repressor of several members of the peroxide stress regulon, may be involved in regulating srfA expression. To test this notion, we disrupted the perR gene in B. subtilis and tested the effect of this on the expression of srfA and other genes by DNA microarray analysis. Microarray analysis was performed twice using a glass plate on which pairs of the arrays were printed. In other words, four sets of hybridization data were obtained. Genes whose expression level in the perR disruptant differed from that in the parental strain by threefold in every data set were considered to be genes that could be regulated by PerR. We detected many such genes, since 88 genes were upregulated by Ͼ3-fold in the These included genes whose expression was not been previously shown to be regulated by PerR. We detected all of the known PerR-regulated genes, namely, ahpCF, hemAXCDBL, katA, zosA, fur, and mrgA, with the exception of perR itself, in addition to several of the function-unknown "y genes" detected by the DNA microarray analysis conducted by Helmann et al. (16) . As shown in Table 4 , transcription of the anaerobic and respiratory genes controlled by the ResE-ResD two-component system (e.g., the cydABC, nasCDEF, and resABCDE operons) was highly induced by the deletion of perR (28, 44) . It is possible that the stress caused by the perR mutation may directly or indirectly activate resDE transcription, thereby upregulating the ResD regulon. Alternatively, these genes may be induced by the stress caused by the perR disruption, which acts independently of the ResD activity. Moreover, the expression of spx (yjbD) was induced in the perR disruptant. Notably, regarding the genes that were downregulated by perR disruption, these include the srfA operon and chemotaxisrelated genes. This suggests that PerR positively regulates the expression of these genes.
srfA expression is decreased in perR disruptant cells. We further characterized the positive regulation of srfA expression by PerR. First, we confirmed that the disruption of perR downregulated srfA in competence medium ( Fig. 2A) . Since the effects of the perR mutation on expression of genes in the cell are highly pleiotropic, a control experiment was needed to demonstrate a specific effect of the perR mutation on srfA expression. We examined the expression of rapC-lacZ in the perR cells and did not observe any fluctuation of rapC-lacZ expression by the perR mutation (data not shown). Thus, it was concluded that srfA is indeed downregulated by the perR mu- tation. Any decrease in srfA expression would be expected to reduce the expression of comK and the late com operons and reduce the transformation efficiency of the bacterium. Indeed, the expression of both comK and the late com operon comE was almost abolished by the disruption of perR (Fig. 2B and C) . Moreover, the perR disruptant exhibited a low efficiency of transformation (Table 5) , which is consistent with the decrease in comK expression. Notably, this phenotype was highly unstable, probably because of the occurrence of a suppressor mutation distinct from that restoring the slow-growth phenotype (see Discussion). The ComQXP system is not involved in the reduction of srfA expression by the disruption of perR. The ComQXP quorumsensing system is a major regulator of srfA expression. Previously, it has been shown that adding conditioned medium prepared from a wild-type cell culture in stationary phase to wild-type cells in early logarithmic phase immediately induces srfA expression (22) . To test the possibility that the perR disruptant cells may produce less ComX pheromone, this feeding assay was performed. As expected, the conditioned medium from wild-type cells induced early srfA expression by wild-type cells, whereas that from comX⌬ cells did not (Fig. 3) . However, the addition of the conditioned medium from perR disruptant cells induced levels of srfA expression by wild-type cells similar to those with the medium conditioned by wild-type cells. Thus, similar levels of ComX are present in the culture supernatants of the perR disruptant and wild-type cells.
We also speculated on whether the decreased expression of srfA in perR disruptant cells was due to the impaired ability of the ComP receptor to bind ComX. However, this was not the case, since the transcription of pel, rapC, and rapF, which belong to the ComA regulon and require the functional ComP receptor for their expression (34), was not affected by the disruption of perR, as shown by our microarray data and the lacZ fusion analysis for rapC. These observations together suggest that the ComQXP regulatory system is functional in perR disruptant cells. The RapC-CSF and ClpXP-Spx systems are also not involved in reduction of srfA expression by disruption of perR. As described in the introduction, the expression of srfA is regulated by several distinct pathways. One involves RapC, an inhibitory molecule in the RapC-CSF system that directly interacts with ComA-P, and another is Spx, which destabilizes the interaction of ComA-P with RNA polymerase. Thus, both RapC and Spx are negative regulators of ComA-P (6, 29) . To test whether the RapC pathway is involved in the decreased srfA expression induced by the perR disruption, an epistatic analysis of the perR mutation in the rapC mutant was performed. As shown in Fig. 4A , srfA expression was still decreased by the perR disruption in the rapC mutant, indicating that PerR does not affect srfA expression through the RapC-CSF system.
Since the expression of spx was induced in the perR disruptant, we speculated that higher levels of Spx may decrease the expression of srfA. If so, the introduction of the spx mutation into perR disruptant cells could suppress the effect of the perR disruption on srfA expression. To test this, we examined srfA expression in an spx perR double mutant. However, the negative effect of perR disruption on srfA expression was still observed, indicating that Spx has no role in repression of srfA in the perR cells (Fig. 4B) . The result is consistent with the fact that the repressor activity of Spx has been observed only in the clpP or clpX mutant (30) . Thus, we concluded that PerR positively regulates srfA expression independently of the RapC-CSF and ClpXP-Spx regulatory systems.
PerR binds to the srfA promoter. The above observations led us to hypothesize that PerR may directly regulate srfA expression by binding to the srfA promoter. To examine this, we produced a His-tagged PerR protein in E. coli and purified it from the cleared lysate of the cells. We used gel mobility shift analysis to first test whether this PerR protein could bind to the katA promoter and found it could do so in the absence of manganese (Fig. 5A, lane 2) ; moreover, the addition of manganese did not change the DNA-binding activity of the protein (data not shown). We speculated that the apparent manganese insensitivity of this PerR protein may be because it has already bound a metal ion to activate the protein on its second metalbinding site during its production and purification. An activated PerR protein in the production or purification process has been observed previously (17) . Next, we tested whether PerR can bind directly to the srfA promoter region. As shown in Fig. 5A (lane 4) , the addition of PerR to the reaction mixture containing the srfA promoter resulted in the formation of a DNA-protein complex. In contrast, PerR failed to form DNA-protein complexes with promoters of genes that PerR is 
6.1
a Total DNA containing a kanamycin resistance marker was added to the cell culture at T 2 . After the transformation, cells were subjected to serial dilutions. Each fraction was plated onto an LB agar plate with or without kanamycin to count numbers of transformed cells and viable cells, respectively.
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on July 16, 2017 by guest http://jb.asm.org/ known not to regulate, e.g., rapG (Fig. 5A, lane 6) . To localize the PerR-bound region in the srfA promoter, we performed a gel shift assay using a srfA probe bearing a deletion. While PerR bound to the Ϫ237 to ϩ10 region, it did not to the Ϫ130 to ϩ10 region, indicating that the Ϫ237 to Ϫ130 region contains a PerR-bound sequence(s) (right panel in Fig. 5A ). These results show clearly that PerR binds specifically to the srfA promoter.
To further characterize the sequence(s) bound by PerR in the srfA promoter, we performed DNase I footprinting analysis. On the top strand, protection was observed in the regions spanning Ϫ158 to Ϫ141 and Ϫ137 to Ϫ117 relative to the transcription start site (Fig. 5B) . As shown in Fig. 5C , each protected region contains a sequence that weakly resembles the consensus sequence for PerR recognition, i.e., the Ϫ155 to Ϫ141 and Ϫ137 to Ϫ123 regions (8 matches of 14 bases). Both sequences are located immediately upstream from the ComA box in the srfA promoter (Ϫ118 to Ϫ103). With respect to the bottom strand, although the region that is protected from DNase I cleavage was not clearly observed due to the intrinsic insensitivity to DNase I of this region, the intensities of signals from Ϫ140T and Ϫ144G were nevertheless clearly weakened (data not shown).
Confirmation that the PerR boxes in the srfA promoter region act as positive cis elements. To confirm that the two PerR boxes in the srfA promoter region that we identified are positive cis elements, strains carrying transcriptional lacZ fusions using three different promoter regions of srfA at the amyE locus were constructed. The perR disruption was introduced into each strain, and the ␤-galactosidase activities of the strains were examined. The expression of srfA1-lacZ (Ϫ170 to ϩ134) was decreased by the introduction of the perR disrup- FIG. 5 . Gel mobility shift and footprint assays of the srfA promoter using PerR. The gel shift assay was performed as described in Materials and Methods. A 6% native polyacrylamide gel was used. (A) The katA and srfA probe DNAs span positions Ϫ131 to ϩ65 and Ϫ237 to ϩ10 relative to the transcription start site, respectively. The rapG probe spans the 180-bp-long promoter region of rapG. These probes were prepared by PCR using the katA-1 and katA-2, srfA-1 and srfA-2, and rapG-1 and rapG-2 primers. The srfA-2 probe DNA spans position Ϫ130 to ϩ10 relative to the transcription start site and was amplified by PCR using srfA-3 and srfA-2a. c and f indicate the protein-DNA complex and free probe, respectively. "well" means the start point of the electrophoresis. Reactions contained poly(dI-dC) (0.1 g/25 l). tion (Fig. 6A) . This was expected, because this fusion carries both of the PerR boxes and the ComA boxes. The expression of srfA2-lacZ (Ϫ144 to ϩ134), which carries only one of the PerR boxes, was decreased to about 65% of that of srfA1-lacZ. This decrease can be ascribed to the disruption of the upstream PerR box. The introduction of the perR disruption further decreased the expression of srfA2-lacZ, indicating that the downstream PerR box functions for the expression of the fusion. The expression of srfA3-lacZ (Ϫ122 to ϩ134), which lacks both PerR boxes, decreased to levels similar to that of srfA1-lacZ on the perR disruption background. Thus, the srfA upstream region that lacks both PerR boxes cannot fully induce the expression of the lacZ fusion. Moreover, the expression of srfA3-lacZ was similar in wild-type and perR disruptant cells, indicating the PerR-independent expression of the fusion. This reinforced the functionality of the PerR boxes that we identified. Therefore, we concluded that these PerR boxes indeed function as positive cis elements for the expression of srfA.
DISCUSSION
Here we showed for the first time that the B. subtilis molecule PerR, which represses members of the H 2 O 2 stress regulon, can selectively activate gene expression by direct DNA binding. This is supported by a recent report showing that Fur (PerR is a B. subtilis homologue of Fur) functions as an activator by directly binding to several promoters in Neisseria meningitidis (8) . In addition, the Streptococcus pyogenes PerR homologue positively regulates csp, a cold-shock protein gene, probably through DNA binding to the upstream region of csp (4) . Moreover, the Borrelia oxidative stress response regulator BosR, which has 51% similarity to PerR, positively regulates napA encoding an oxidative-stress-related Dps/Dpr homologue by DNA binding to the promoter (2) . In contrast, although several genes are known to be positively regulated by Fur in E. coli (40) , the mechanism for this positive regulation has been elucidated as being indirect, at least with respect to genes involved in iron metabolism (23) . Thus, it is not clear at this point whether all the genes that were positively regulated by PerR in B. subtilis, as determined by our microarray analysis, are direct targets of PerR binding or are downregulated only as indirect effects of the perR mutation.
Tandemly arranged PerR boxes were detected in the promoters of B. subtilis ahpC, hemA, and zosA, as well as in the srfA promoter (11, 17) . In the gel shift assay using the katA or srfA probe shown in Fig. 5A , bands showing similar mobility were observed. This might be inconsistent with the fact that the katA and srfA probes carry one and two PerR boxes, respectively. In the footprint assay, His-tagged PerR only weakly protected the PerR box regions from DNase I cleavage. This suggests that PerR binds with a weak affinity to the PerR boxes in the srfA promoter. Thus, it seems that in the gel shift assay with the srfA promoter, a DNA-protein complex containing only one PerR dimer might be generated.
In the srfA promoter, the two PerR boxes are located in the promoter-distal region, whereas these boxes are located at the promoter-proximal region of genes known to be repressed by PerR (10, 17) . This promoter-distal location of the PerR box in the srfA promoter is consistent with the fact that the positive and negative cis-acting sites of Fur are located in promoterdistal and -proximal regions, respectively (8) . The mechanism by which PerR activates srfA remains unclear. The proximal location of the PerR boxes relative to the ComA box in the srfA promoter suggests that PerR may interact with ComA and that this is needed to induce the full activation of srfA expression by ComA. Alternatively, PerR may activate srfA expression independently of ComA.
The profile of the PerR regulon that our DNA microarray analyses revealed differs to some extent from the profile identified by Helmann et al. (16) . These disparities may be due to the different media and harvesting times used (14) . The perR mutant is known to grow slowly and to tend to accumulate suppressors that lead to rapid growth, like that seen with wildtype cells (5) . It should be noted that the cell culture from which the RNA fraction used for the microarray analysis was obtained retained the slow-growth phenotype (data not shown).
Spo0A and DegU are response regulators that govern the initiation of sporulation and exoenzyme production, respectively (12, 21) . The expression of srfA is known to be influenced by Spo0A-P and DegU-P, since disruption of spo0A or introduction of the degU32 mutation (which renders DegU-P resistant to dephosphorylation) decreases srfA expression (13, 21) . The perR mutation would not affect the function of Spo0A-P, since in perR disruptant cells, the initiation of sporulation appears to be unimpaired (5; unpublished results). Moreover, we found by a plate assay that the perR disruption does not influence exoprotease production (unpublished results), which suggests that DegU-P is unlikely to be hyperactivated in perR disruptant cells, unlike when the DegU32 mutant protein is expressed. Consequently, it is unlikely that PerR affects srfA expression by influencing either regulator. Notably, CodY has also been known to repress srfA expression under an amino acid-rich condition (37) . However, we used MC medium containing Casamino Acids and found srfA expression was fully induced. This indicates that CodY does not participate in the regulation of srfA expression under our experimental conditions.
In summary, we have shown here that B. subtilis PerR activates the expression of srfA by direct promoter DNA binding. It is known that H 2 O 2 stress inactivates the DNA-binding activity of PerR (17, 24) . Since PerR is required for activation of srfA, it seems that H 2 O 2 stress inactivates PerR, thereby inhibiting srfA expression, as shown in Fig. 1A . Thus, PerR is involved in the regulatory system for expression of srfA, checking oxidative stress conditions in the cells.
